Abstract-A new approach has been presented in the paper to gain a uniform magnetic field in NMR system. First, the adopted shimming piece is modeled as a magnetic dipole moment to calculate its magnetization effect on the background field within region of interest. Then, sequential quadratic programming method is utilized to determine the ideal solution for shimming work. Finally, the ideal solution is discretized, and quantization error control technique is prepared for special cases. This new method helps to reduce the inhomogeneity in the region of interest from 56.8 ppm to 14.21 ppm, within one hour in practical shimming work.
In NMR (Nuclear Magnetic Resonance) system, it is very important to gain a uniform magnetic field to improve the performance of the whole assembly. A process named shimming is applied in the generation of magnetic field to adjust the homogeneity to an acceptable level. Nowadays, there are two main methods being used in shimming process: active shimming and passive shimming [1, 2] . Passive shimming saves the trouble of applying expensive electrical current source to the system, while its effect on background field is hard to predict. A lot of work has been done to find a solution with global optimization technique, like SA (Simulated Annealing method), GA (genetic algorithm), however, these methods are usually limited in the practical shimming work because of their inefficient, in terms of time or computational source required. Here a new passive shimming process design is put forward to meet the need of creating a controlled B 0 field with minimal inhomogeneity in practical shimming work.
1. METHODS
Shimming Process
Generally, the whole shimming process consists of three stages. First, the magnetic field is measured in a plurality of locations within region of interest to get an initial B 0 map; second, based on the comparison of target field and B 0 map, a shimming model is developed to form a B field which substantially cancels the inhomogeneities within initial magnetic field. In this design, cylindrical permanent magnetic pieces of specific sizes are adopted to create the compensating field. A computer program based on SQP (Sequential Quadratic Programming) method is executed to determine an amount of shimming piece required at each target location. The details will be discussed in the following sections; third, quantization error control technique is put forward as an option. If necessary, it will be utilized to get a field with even better homogeneity at the price of adding three more different kinds of permanent magnetic pieces to the shimming system. After the whole shimming process is carried out, a near-homogenous with controlled B 0 and minimal quantization error is achieved by employing least amount of shimming elements at strategic locations.
Magnetic Dipole Moment Model
As mentioned in Section 1.1, because the size of shimming piece adopted is much smaller than the size of ROI (Region of Interest), each shimming piece is modeled as a magnetic dipole moment in our model to calculate the magnetization effect it brings to the field. And as a consequence of the solenoidal property of the magnetic induction, B can be written by taking the curl of the vector potential A(r ) in the form (1) . A(r ) is defined to describe the magnetic field at the observation point r, which is generated by the current density J (r ). The vacuum permeability
We can write the A(r) in Taylor expansion series in the neighborhood of original points as:
where the first term vanishes because of the continuity of constant current, which may be illustrated in equation (4):
Thus, using the second term to approximate A(r), we get:
where m is the magnetic moment, R = (x 2 + y 2 + z 2 ) is distance to original point. In the Cartesian coordinate system, the z component of B (1) , which is our concern, can be written as:
where the value of constant C is decided by the property of shimming piece.
Sequential Quadratic Programming Method
SQP method represents the state of art in nonlinear programming methods. Based on the work of Schittkowski, Biggs, and Han [3] [4] [5] , the method is capable of performing accurately, efficiently over a large number of nonlinear programming problems. In our model, we want to achieve appropriate homogeneity and desired center field by putting the least passive shims at strategic locations, then, SQP method is chosen to minimize a ABS function, which may be defined as:
The requirements of homogeneity and center field are put into following constraints:
where X i is a state variable of passive shims, which indicates the amount of passive shims at location i; B is B cent contribution made by X ; δ 0 is the maximum value B cent allows to be changed; B cent is the original magnetic flux intensity at the center of ROI (Region of Interest); δ is the constraint bound vector in terms of field (Gauss, Tesla) or inhomogeneity (ppm); A is the shim strength matrix of passive shims at each shim location, in terms of field contribution to each shimming points.
SQP method provides us with the solution X , which is a vector of real number indicating the amount of shimming element put at predetermined locations. However, in practical shimming work, it is impossible for us to get pieces of all the sizes demanded by X . So we have to discrete the ideal solution, usually by replacing the real number in X with nearest integral number. Certain quantization error is added into our final solution because of this approximation, which may be not tolerable in some cases. In our work, specific quantization error control technique is put forward to solve the problem. The quantization error control technique can be called "plate in plate" technique as well. The main shimming plate has dozens of holes of same size for accepting sub shimming plates. Each sub shimming plate has five holes of different sizes decided by its shimming strength. And then a combination of shimming pieces from a selection of full strength piece, 10% strength piece, 20% strength piece, 50% strength piece, 90% strength piece is placed in sub shimming plate to approximate nominal shimming amount. A computer program or even manual calculation may suffice to select the shimming piece combination. As an example, suppose the shimming piece of plate limit is 10, Table 1 lists available combinations for the convenience of shimming work. Omitted portions of table are indicated by ". . . . . . ", which may be easy to fill up. With this method, we are capable of gaining a good approximation by employing only five different kinds of pieces in practical shimming work. It also makes it easy to locate the combination requiring the minimum number of pieces to produce the demanded shimming strength. Shimming plates for Micro-NMR system are fixed on the two pole pieces of the permanent magnet assembly which is shown together with Gauss-meter in Figure 1 . The exact ROI shape and its sampling mode are shown in Figure 2 , where the color bar indicates the strength of magnetic induction of the original field. Starting with the original B 0 field, traditional shimming method, the new shimming method without quantization error control technique and the new shimming method with quantization error control technique are applied into practical work. Table 2 shows the difference of the three. It is clearly illustrated that the new methods greatly outperform the traditional method in terms of efficiency, accuracy, convenience and predictability. At the price of adding some shimming time and shimming pieces, which is an acceptable cost, the QEC technique improves the field homogeneity from 21.05 ppm to 14.21 ppm.
CONCLUSIONS
A new approach to gain a uniform magnetic field has been proposed in this paper. The shimming amount at predetermined locations is decided with sequential quadratic programming method. With this approach, a controlled B 0 magnetic field with minimal inhomogeneity is achieved in a short time. It is proved efficient and effective in application of shimming a magnetic field.
